+ CD25 -T cells were explored in vitro. nTreg counts revealed a significant circadian rhythm with highest levels during the night (mean 95 nTreg/ml) and lowest levels during the day (mean 55 nTreg/ml). During normal sleep, the suppressive activity of nTreg was highest at 02.00 h and somewhat lower at 15.00 h. Surprisingly, almost no suppressive activity was present at 07.00 h.
Introduction
A number of immunological functions are dependent on circadian rhythms and on regular sleep [1] [2] [3] [4] [5] , including the type and magnitude of immune responses following antigenic challenge. For example, vaccination with hepatitis B vaccine in the afternoon resulted in a distinctly higher mean antibody titre when compared with morning vaccination [6] ; circadian rhythm and sleep-dependent mechanisms also modulate immune responses. Lange and co-workers showed that sleep deprivation significantly dampens the immune response to hepatitis A vaccination [7] . The importance of sleep in the modulation of number and/or function of elements of the adaptive immune system has been demonstrated similarly by others [8] . However, the underlying mechanisms are unknown, although the importance of circadian and sleep-dependent rhythm of hormones with immunmodulatory function has been shown [9] [10] [11] [12] .
In this context, the natural regulatory T cells (nTreg) may be of utmost relevance as key regulators that shape adaptive immune responses. nTreg are defined as CD4
+ T cells with a high cellular surface expression of CD25 molecules. CD25 is the alpha-chain of the interleukin (IL)-2 receptor and it has been shown that homeostasis and maintenance of nTreg are IL-2-dependent [13, 14] . They are usually considered to attenuate excessive immune reactions which may otherwise result in tissue damage. In vitro studies have shown clearly that nTreg suppress the CD4 +
CD25
-T cell proliferation and IL-2 production [13, 15] . Experiments in animals and humans showed that nTreg control systemic homeostasis, total lymphocyte numbers [16] and immune responses to pathogens or self-antigens [17] [18] [19] [20] [21] .
We hypothesized that both time and sleep play a major role in shaping immune responses by nTreg and CD4 + CD25 -T cells. Here, we analysed whether nTreg and CD4 +
-T cell function follows a circadian rhythm and whether this rhythm is influenced by sleep or sleep deprivation.
Materials and methods

Experimental design, procedure and subjects
Experiments were performed with seven subjects (aged between 21-32 years) following a within-subject cross-over design with two conditions (sleep and sleep deprivation), as published previously [3] . Each subject participated in two experimental sessions, each covering 24 h and starting at 20.00 h. The protocol was approved by the local ethical committee and all subjects signed an informed consent. Subject inclusion criteria were as follows: subjects were male, mentally and physically healthy (examined by medical history, physical examination and routine laboratory testing), body mass index between 18-26 kg/m 2 , no sleep disturbances, were non-smokers and were not taking medication.
In brief, the experimental design was as follws: heparinized blood was sampled first at 20.00 h, then every 1·5-3 h for CD4
+
CD25
+ nTreg counts were determined in the peripheral blood. At five time-points (20.00, 02.00, 07.00, 15.00 and 20.00 h) additional blood was sampled for isolation and functional analysis of nTreg and T cells. Each subject spent an adaptation night in the sleep laboratory; sleep was determined off-line from polysomnographic recordings following standard criteria [22] . All subjects received standardized meals and blood samples were always processed immediately.
Sleep quality
To ensure that the subjects slept well in the sleep condition, the sleep quality was monitored using polysomnographic recordings (electro-encephalogram: EEG). EEG measures were analysed according to previously published standards [22] . Mean time until sleep onset was 24·4 Ϯ 5·5 min. Sleep time was 452·9 Ϯ 6·0 min -time in stage 1 sleep 29·1 Ϯ 4·9 min; stage 2 sleep 226 Ϯ 23·7 min; slow wave sleep (SWS) 74·1 Ϯ 10·4 min; and rapid eye movement (REM) sleep 72·3 Ϯ 10·1 min. Latencies (with reference to sleep onset) were 34·8 Ϯ 16·2 min for SWS and 188·1 Ϯ 37·4 min for REM sleep. In all subjects, SWS predominated during the first half of the night (44·4 Ϯ 7·3 min versus 29·8 Ϯ 8·8 min during the first half and second half of the night respectively; P < 0·02), while REM sleep dominated during the second half of the night (6·8 Ϯ 2·7 min versus 66·8 Ϯ 8·7 min during the first half and second half of the night respectively; P < 0·0002).
CD4
+ CD25 + counts in peripheral blood mononuclear cells
Absolute counts of CD4
+ T helper cells were determined by a 'lyse no-wash' flow cytometry procedure applying Truecount® tubes (BD Biosciences, Heidelberg, Germany) on the Calibur® using CellQuest® Software (BD Biosciences), as described previously [23] . For the detection of Treg whole blood was incubated with aCD4-monoclonal antibodies (mAb) labelled with fluorescein (Diatec, Oslo, Norway) and aCD25-mAb labelled with phycoerythrin (BD Biosciences), erythrocytes were lysed, washed and resuspended and at least 1 ¥ 10 5 CD4 + cells were analysed. The absolute count of Treg was calculated on the basis of percentage of these cells from CD4 + cells.
Peripheral blood mononuclear cells and plasma isolation
Peripheral blood mononuclear cells (PBMC) were isolated from whole blood using CPT® Vacutainer (BD Bioscience) following the manufacturer's instructions. Plasma was collected and inactivated for 30 min at 56°C and centrifuged at 4500 g. The supernatant was used as inactivated plasma.
Carboxyfluorescein diacetate staining
To detect cellular proliferation, cells were stained with carboxyfluorescein diacetate (CFDA) (Vybrant, Leiden, the Netherlands), according to the manufacturer's instructions (Cambrex, Verviers, Belgium).
Magnetic affinity cell sorter (MACS®) isolation of cellular subpopulations
For analysis of the suppressive activity of CD4 + CD25 + nTreg on the proliferation CD4 +
CD25
-T cells, two strategies were applied: the first was to purify nTreg and to add them to purified CD4 +
-T cells. The second was a depletion strategy: here we analysed the CD4 + T cell proliferation in PBMC and nTreg-depleted PBMC.
T cell isolation
CD4
+ T cells were isolated from PBMC and separated into CD4
+ and CD4 + CD25 -populations by applying the autoMACS® Separator (Miltenyi Biotec, Bergisch-Gladbach, Germany) using the CD4 +
CD25
+ Treg isolation kit® (Miltenyi Biotec), following the manufacturer's instructions. Purities were controlled using flow cytometry (Fig. 1a) . The remaining cells were enriched for monocytes by plastic adherence for 2·5 h and, after harvesting, were irradiated with 60 Gy using a cobalt source. For proliferation assays, half the CD4 +
-T cells were stained with CFDA. These cells served as reporter T cells. The other half were left unstained for control purposes.
Isolation of CD25
-PBMC
The PBMC were stained with CFDA. Cells were split into two fractions. One was stored at 4°C until assayed and the other was incubated with 20 ml of CD25-microbeads per 1 ¥ 10 4 PBMC (Miltenyi Biotec), following the manufacturer's instructions. The CD25-microbead incubated PBMC were then depleted from all CD25 + cells on the autoMACS® Separator (Miltenyi Biotec). These will be referred to as CD25 -PBMC.
Functional assays
For functional analysis of nTreg suppressive activity on reporter T cell proliferation, we performed a widely used and previously published assay [24] . In brief, 4 ¥ 10 + cells (nTreg), both stained with CFDA, were stimulated with 0·5 mg/ml aCD3-mAb and cultured for 62 h in 200 ml X-Vivo 15 medium + 5% autologous, inactivated plasma. Subsequently, cells were stained with anti-human CD4-antibody labelled with allophycocyanin (APC) (Miltenyi Biotec) and analysed immediately by flow cytometry. The proliferation of CD4 + T cells was measured by gating on the CD4 + T lymphocytes and quantifying the decrease of CFDA fluorescence intensity.
Cytokine analysis
The collected supernatants from assays with and without nTreg were analysed for IL-2 using the Bio-Plex™ cytokine assay (BioRad, München, Germany) on the Bio-Plex™ protein array system (BioRad), following the manufacturer's instructions.
Forkhead box P3 expression in nTreg
Forkhead box P3 (FoxP3) expression was measured in isolated PBMC. PBMC were stained with aCD4-mAb labelled with fluorescein isothiocyanate and aCD25-mAb labelled with phycoerythrin (Miltenyi Biotec). FoxP3 expression was determined with the aFoxP3-mAb labelled with APC (clone PCH101, eBioscience) using the human Treg staining kit (eBioscience). FoxP3 expression was analysed by gating on CD4 + CD25 + lymphocytes applying the geometric mean algorithm (average of the logarithm of axis channel number) on the FACSCalibur® (BD Biosciences) applying CellQuest® Pro software (BD Biosciences).
Statistics
Statistical analysis was based on repeated-measures analysis of variance (anova), including the factors 'sleep/sleep deprivation' (reflecting the condition) and time (reflecting the different time-points of measurement).
For post hoc statistical analysis between the same timepoints under different conditions, Student's t-test for paired samples with a 95% confidence interval was performed. Because of the explorative character of the study no adjustment of the confidence interval was performed. To identify circadian rhythms in nTreg numbers in peripheral blood, cosinor analysis was performed separately for the sleep and sleep deprivation condition using Chronolab software [26] . Missing data were interpolated by taking the mean of the subject (from all time-points) plus the mean of the time-point from the remainder of all subjects divided by 2. anova was performed only if the amount of missing values were below 10% of all values.
Results
Numbers of nTreg in peripheral blood display a circadian rhythm
In a first set of experiments, we analysed the numbers of CD4 +
CD25
high lymphocytes (nTreg) in the peripheral blood over a period of 24 h (Fig. 2a) . As can be seen in Fig. 2b , there was a steady ascent from 20.00 h to 02.00 h during the night followed by a descent during the subsequent hours until 11.00 h. In the afternoon and evening, the numbers rose again. The same rhythm was observed when quantifying the percentage of nTreg of all CD4 + T cells (data not shown). There was no significant difference in the overall pattern between conditions of sleep and sleep deprivation. Cosinor analysis revealed a significant circadian rhythm (P < 0·001, Fig. 2b ) with a peak (acrophase) of nTreg counts around 02.00 h. 
The nTreg suppressive activity has a rhythm and is sleep-dependent
In the sleep condition, the proliferation of CD4 + CD25 -T cells was suppressed significantly by addition of nTreg at all time-points (P < 0·05) except at 07.00 h (P = 0·78). nTreg suppressive activity [presented as % inhibition (see Material and methods) in Fig. 2c ] showed a time-dependent rhythm, with a significant sleep-dependent peak at 02.00 h (P < 0·05) and a nadir at 07.00 h. In contrast, in the sleep deprivation condition nTreg suppressive activity showed no rhythm (Fig. 2c) . nTreg were not able to suppress reporter T cell proliferation significantly at 02.00 h, 07.00 h and 15.00 h. From these data, we conclude that nTreg have their highest suppressive activity during the night and that expression of this activity requires normal sleep.
So far, fixed numbers of nTreg and reporter T cells were incubated. However, these experiments did not consider interindividual and circadian differences in the relative quote of nTreg. Therefore, we compared the suppressive activity of nTreg on the proliferation of CD4 + T cells in PBMC which were or were not depleted for CD25
+ cells (nTreg). nTreg suppressive activity shown as % inhibition in Fig. 2d reveals a significant rhythm in the sleep condition (F(1,4) = 4, P < 0·01) but not in the sleep deprivation condition.
CD4
+ CD25 -T cell proliferation
To analyse whether CD4 + CD25 -T cell proliferation is timeor sleep-dependent, we analysed pure populations of reporter T cells stimulated with aCD3-mAB and irradiated adherent cells. As can be seen in Fig. 3a , the proliferation of these cells follows a time-dependent rhythm (F(1,4) = 8·3, P < 0·01) with a peak (acrophase) at night (02.00 h). The proliferation of CD4 +
CD25
-T cell was sleep-dependent (F(1,4) = 3·8, P < 0·05). Sleep deprivation significantly reduced the proliferative capacity of reporter T cells at 15.00 h (P < 0·05).
The IL-2 levels in cell culture supernatants are time-dependent
Based on the results obtained so far, we were interested to determine whether IL-2 secretion and its suppression by nTreg was time-or sleep-dependent. In the assay with only purified CD4 +
CD25
-T cells the IL-2 analysis in supernatant revealed a time-dependent rhythm (F(1,4) = 14·3, P < 0·001). The peak of IL-2 release was measured at 02.00 h. However, no sleep dependency was observed (Fig. 3b) . In the presence of nTreg lower IL-2 amounts were secreted during sleep compared with sleep deprivation at 02.00 h, but this difference did not reach significance (Fig. 3d) .
The FoxP3 expression in nTreg
To understand the possible mechanisms underlying the rhythm of nTreg suppressive function, we analysed the FoxP3 expression level in CD4 +
CD25
+ T cells (nTreg). The FoxP3 expression in nTreg showed neither a time nor sleep dependency (Fig. 3c) and did not correlate with % inhibition. 
Discussion
We could show that nTreg numbers in the peripheral blood of healthy donors follow a sleep-independent circadian rhythm, with highest numbers at night and lowest numbers in the morning. In contrast, nTreg function follows a sleepdependent rhythm, with highest suppressive activity during sleep. Previous studies have analysed mainly polyclonally stimulated unseparated lymphocytes [27] [28] [29] , whereas we analysed purified nTreg in their capacity to suppress the proliferation of polyclonally activated purified CD4 + CD25 -T cells (reporter T cells). It became apparent that the suppressive activity of nTreg required sleep. In only the sleep condition, nTreg suppressive activity followed a rhythm with a zenith at night and a subsequent nadir in the morning. In terms of immunological homeostasis it seems reasonable that at night, when reporter T cell proliferation and IL-2 production is highest, nTreg suppressive function also should be high, otherwise excessive immune responses could result. nTreg are considered to dampen detrimental immune reactions [13, 18, 20, 30] , therefore the data suggest that normal sleep might be essential for immune homeostasis. Further studies will address the question whether the rhythm of nTreg suppressive activity might be a factor in the aggravation of immune responses by sleep deprivation, as demonstrated in chronic inflammatory diseases and allergy [31, 32] .
Circadian rhythms and sleep dependency of immune functions often follow changes in cortisol, catecholamines, prolactin, growth hormone and melatonin, which are immune-modulating hormones that are regulated profoundly by the circadian pacemaker or sleep [33, 34] . It has been shown in autoimmune syndromes as experimental autoimmune encephalomyelitis, systemic lupus erythematosus and multiple sclerosis that glucocorticoids and sex hormones promote nTreg function [35] [36] [37] [38] . For other hormones an in vivo affect on nTreg function has not been shown.
After finding a sleep-dependent rhythm of the suppressive nTreg function we tried to identify the underlying molecular mechanism. FoxP3 is the best-described marker for nTreg [39, 40] . Mutations in the FoxP3 gene are related to autoimmune diseases in humans [40] and FoxP3 expression in CD4 +
CD25
+ nTreg correlates directly with the magnitude of the suppressive capacity of CD4 +
+ nTreg [38] . We investigated whether FoxP3 expression is sleep-dependent and/or follows a circadian rhythm in nTreg. Surprisingly, we found no difference in FoxP3 expression, neither comparing sleep versus wake conditions, nor did we find a circadian rhythm. There might be other nuclear factors which are relevant to the activity of FoxP3, such as the nuclear factor of activated T cells [41] . Therefore, the detection of FoxP3 expression levels might not be sufficient for the analysis of FoxP3 activity.
In addition to the sleep-dependent suppressive activity of nTreg, we found the rhythm of reporter T cell proliferation and IL-2 production to be in line with previous reports on the circadian rhythms of adaptive immune responses with a proinflammatory activity peak at night [27, [42] [43] [44] [45] [46] [47] . In our study the nocturnal peak in IL-2 production and the reporter T cell proliferation was time-dependent but sleepindependent. Conflicting data are published on the role of sleep for IL-2 production. Some authors have shown that the production of IL-2 is increased in the sleep condition [27, 29] , whereas others have not [4] . The discrepancies are due probably to differences in the in-vitro assays used in those studies. Currently, it is impossible to decide which assay is most suitable to reflect the in vivo situation.
Interestingly, we found a sleep-dependent rhythm of reporter T cell proliferation, with lower levels in sleep deprivation condition during the day after sleep deprivation. This finding would be consistent with the wildly held view that sleep deprivation increases susceptibility to infectious diseases [2] .
In conclusion, we demonstrated that nTreg numbers in the peripheral blood of healthy donors follow a circadian rhythm which is independent of sleep, whereas nTreg function follows a sleep-dependent rhythm, with the highest suppressive activity during sleep. We could also demonstrate that nocturnal sleep deprivation dampens reporter T cell proliferation the following day, which results probably in diminished adaptive immune responses. The mechanisms underlying these changes remain to be determined. Probable candidates that generate the necessary impulses are the clock genes, whose expression pattern follows in most cells an approximately 24-h rhythm [34, 48] . We are currently addressing this question.
